1. Background {#sec0005}
=============

Influenza C virus generally causes mild upper respiratory illness in children or young adults \[[@bib0005],[@bib0010]\]. However, recent studies have reported that it can cause lower respiratory illness, such as pneumonia and bronchitis in infants \[[@bib0015], [@bib0020], [@bib0025]\]. Studies of influenza C virus have indicated that the virus is widely distributed throughout the world, and that the majority of the human population acquires immunity by first exposure in childhood \[[@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050], [@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090]\]. Despite a high seropositive rate in children (40--60%) and adults (80--100%), detection and isolation of influenza C viruses have rarely been described \[[@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050], [@bib0055]\].

The genome of influenza C virus consists of seven RNA segments that encode nine proteins: three polymerase proteins (P3, PB2 and PB1), hemagglutinin-esterase (HE) glycoprotein, nucleoprotein (NP), matrix protein (M), CM2 protein, and two nonstructural proteins (NS1 and NS2). In the antigenic analysis and HE gene phylogenetic analysis of influenza C viruses, the virus separated into six antigenic lineages: C/Taylor/1233/47 (C/Taylor lineage), C/Kanagawa/1/76 (C/Kanagawa lineage), C/Mississippi/80 (C/Mississippi lineage), C/Aichi/1/81 (C/Aichi lineage), C/Yamagata/26/81(C/Yamagata lineage), and C/Sao Paulo/378/82 (C/Sao Paulo lineage) \[[@bib0055],[@bib0095]\]. Influenza C viruses belonging to different lineages that co-circulate in a community can lead to emergence of virus reassortment \[[@bib0095],[@bib0100]\].

2. Objective {#sec0010}
============

Although it has almost 70 years since the first isolation of influenza C virus, there is no information on influenza C virus in South Korea. In this study, we identified influenza C virus infection in children (\<2 years of age) with influenza-like illness (ILI) in South Korea.

3. Study design {#sec0015}
===============

From October 2013 to September 2016, 973 young children (\<2 years of age) with ILI were enrolled at the emergency rooms of three university hospitals through a Hospital-based Influenza Morbidity and Mortality (HIMM) surveillance system \[[@bib0105]\]. ILI was defined as an acute respiratory illness with fever (measured body temperature of ≥38 ℃) and at least one of the following symptoms, cough, sore throat, or rhinorrhea/nasal congestion, and an onset within the previous seven days. After written informed consent was obtained from the legal representatives of enrolled subjects, we obtained nasopharyngeal swabs from children, and placed them into viral transport media (VTM). Clinical information of subjects, including symptoms and underlying diseases were recorded on the clinical report form. We tested the nasopharyngeal samples for 16 types of respiratory viruses using AnyplexTM II RV16 detection kit (Seegene, Seoul, Korea). Among the tested samples, 564 were positive for one or more respiratory viruses and which 383 were positive for influenza A and / or B virus ([Table 1](#tbl0005){ref-type="table"} ). Excluding the RV16 positive samples, 409 negative samples were examined for the presence of influenza C virus using M gene specific primer set containing TaqManTM probes \[[@bib0110]\]. Using influenza C virus positive samples, Madin-Darby canine kidney (MDCK) cells were inoculated with VTM samples and cultured for 72 h.Table 1Number of nasopharyngeal specimens collected from young children with influenza -like illness and number of positive for RV16 or Flu C.Table 1Flu seasonPediatric sample\
(\<2 years age)Detection of respiratory viruses (RV16)Flu C\
PositiveFlu AFlu BFlu A and BOther respiratory virusesNegative2013-201427999340776902014-20154131052327121242015-201628189310331281Total9732938821814095

Viral RNA was extracted and transcribed into complementary DNA (cDNA) with a 3′end of influenza C viral RNAs (5′-AGCAGAAGCAGG-3′), using the Primescript 1 st strand cDNA synthesis kit (Takara, Shiga, Japan). Individual segments of influenza C virus were amplified by gene-specific primer sets \[[@bib0080]\]. After amplification, sequencing was performed using the ABI BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA) and 3730xl DNA analyzer. The sequence readouts of the PCR products were analyzed with BioEdit and MEGA software \[[@bib0115]\]. The nucleotide sequences obtained from this study were submitted to GenBank under the accession numbers MK050092-MK050104.

4. Results {#sec0020}
==========

Collected samples were tested for influenza A and B, respiratory syncytial virus A and B, adenovirus, parainfluenza virus 1, 2, 3, and 4, bocavirus, metapneumovirus, rhinovirus, coronavirus 229E, NL63 and OC43, and enterovirus, using the AnyplexTM II RV16 detection kit (Seegene, Seoul, Korea). A total of 409 samples negative for 16 respiratory viruses were examined for detection of influenza C virus. Five samples were positive for influenza C virus, including four samples from 2015 and one sample from 2016 ([Table 1](#tbl0005){ref-type="table"}). Unfortunately, we only isolated C/Seoul/APD462/2015 virus. Sequence of viral genes showed only the C/Seoul/APD462/2015 virus was fully sequenced for seven segments. The phylogenetic analysis of individual genes was performed using the reference sequences from the influenza research database (IRD). As shown in the HE phylogenetic tree, C/Seoul/APD401/2015, C/Seoul/APD462/2015 and C/Cheongju/GPD805/2015 fell into the C/Sao Paulo lineage ([Fig. 1](#fig0005){ref-type="fig"} ). Interestingly, phylogenetic analyses of individual genes revealed a close proximity of C/Seoul/APD462/2015 to C/Tokyo/4/2014 and C/Victoria/2/2012 strains.Fig. 1Phylogenetic trees for seven segments of the influenza C virus. The nucleotide sequences of (a) HE, (b) M, (c) NP, (d) NS, (e) P3, (f) PB1, and (g) PB2 genes of influenza C virus were used for analysis. Phylogenetic trees were constructed using the maximum likelihood method with 1000 bootstrap replicates. The numbers above or below the branches are the bootstrap values (%) of each branch and values of \<75% are hidden. The South Korean strains are marked with black circles.Fig. 1

The sequence identity score for each pair was calculated by the Sequence Demarcation Tool (SDTv1.2) program. All encoded protein sequence identity of C/Seoul/APD462/2015 strain with C/Tokyo/4/2014 or C/Victoria/2/2012 strains showed high identity of 99.6% ([Fig. 2](#fig0010){ref-type="fig"} ). Comparison of the amino acid sequences of each segment of C/Seoul/APD462/2015 with C/Victoria/2/2012 revealed several changes in amino acids ([Table 2](#tbl0010){ref-type="table"} ). In the HE gene, alanine was in position 355, instead of threonine found in C/Victoria/2/2012. Alanine at position 291 in the M gene changed to valine in C/Seoul/APD462/2015. Threonine at position 410 in the NP gene was substituted with alanine. Substitutions (V15L, L77P) at two different positions in NS were observed. Also, substitutions were observed in polymerase genes (P3; I330V, PB2; S538N, PB1; I202V).Fig. 2All encoded protein sequence identity of influenza C viruses. The isolated virus strain was labeled in red color. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 2Table 2Comparison of amino acid sequences among influenza C virus three strains, C/Seoul/APD462/2015, C/Victoria/2/2012 and C/Tokyo/4/2014.Table 2StrainHEMNPNSP3PB2PB13552914105731577330538202C/Victoria/2/2012TATKVLISIC/Tokyo/4/2014AATTIPISVC/Seoul/APD462/2015AVAKIPVNV

5. Discussion {#sec0025}
=============

Influenza A and B viruses are well studied in the world, including South Korea \[[@bib0120],[@bib0125]\]. In contrast, influenza C virus is not well known. In this study, we identified influenza C virus infection in five (1.22%) of 409 respiratory samples negative for sixteen respiratory viruses from young children with ILI. According to several reports, influenza C virus commonly causes mild acute respiratory illness and/or pneumonia in pediatric populations \[[@bib0015], [@bib0020], [@bib0025]\]. In this study, young children with influenza C virus infections had acute respiratory illnesses, such as fever, rhinorrhea, and cough, but no pneumonia or severe respiratory illness was observed (Supplementary data 1). Thielen BK, et al. reported that influenza C virus was detected among 0.58% of hospitalized patients with severe acute respiratory infection, and 0.48% of outpatients, in Minnesota from 2013 to 2016 \[[@bib0090]\]. They found that influenza C viruses were most frequent among young children, but occurred in all ages. Influenza C viruses in our study were detected from March to May (Supplementary data 2). This result is consistent with Japanese studies that reported influenza C viruses are mostly isolated between January and June, and usually occur after peaks of influenza A epidemics \[[@bib0055]\].

Although there is antigenic variation among influenza C viruses, the C/Kanagawa and C/Sao Paulo -- related lineage strains have been dominant strains in Japan, the Philippines, the United States, and France since 2005 \[[@bib0065],[@bib0085], [@bib0090], [@bib0095]\]. In this study, we confirmed that influenza C viruses belonging to the C/Sao Paulo antigenic group were detected in South Korea. In addition, a re-assortment event was observed in the C/Seoul/APD462/2015 strain, which contains HE, PB1 and PB2 genes belonging to the C/Sao Paulo related lineage, and NP and P3 genes belonging to the C/Mississippi related lineage. Particularly, all segments of C/Seoul/APD462/2015 strain showed high homology to C/Tokyo/4/2014 and C/Victoria/2/2102 ([Fig. 1](#fig0005){ref-type="fig"}, [Fig. 2](#fig0010){ref-type="fig"}). Interestingly, Odagiri et al. reported that viruses isolated from the Philippines in 2011 to 2013 were related to C/Victoria/2/2012 \[[@bib0085]\]. Therefore, these strains are considered to be derived from a common ancestor and spread to South Korea.

In conclusion, this study reports the first identification of influenza C virus among young children and phylogenetic characteristics of a C/Seoul/APD462/2015 strain isolated in South Korea. Approximately 1.22% of young children with ILI negative for sixteen respiratory viruses during the influenza season were identified with influenza C virus infections. Influenza C virus infections in children are known to be capable of co-infections, but this study focused on identifying influenza C virus in samples negative for sixteen respiratory viruses. Considering the case of co-infections that we have not tested, it is assumed that the actual rate of influenza C virus infection among children will be high. Therefore, expanded investigations and serologic analysis of influenza C virus are needed to elucidate disease burden and epidemiology of influenza C virus.
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The following are Supplementary data to this article:

Supplementary material related to this article can be found, in the online version, at doi:<https://doi.org/10.1016/j.jcv.2019.03.016>.
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